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Bonding-induced thermal transport enhancement
across a hard/soft material interface using
molecular monolayersT

Chao Yuan, Mengyu Huang, Yanhua Cheng and Xiaobing Luo*

Manipulating thermal transport across hard/soft material interfaces is important for composites which
are critical for a wide range of applications, including electronic packaging, thermal storage, sensors and
medicine. To increase the interfacial thermal conductance (Gj), a previous strategy has focused on
using a self-assembled monolayer (SAM) to bridge the phonon spectra mismatch between the materials
constituting the interface. Here, we introduce a general strategy aiming for interfaces which are
incompatible with the previous strategy. Copper (Cu) and epoxy resin are chosen as representative
materials constituting the interface. The proposed strategy relies on using a strongly bonding SAM to
covalently connect Cu and epoxy. The thermal measurements show that G, can be enhanced by as
much as 11 fold. An interesting result is found that the Cu/epoxy interface, modified with the SAM used
in the previous strategy, shows approximate 2-fold lower Gj,. Through a series of experiments,
including tensile strength and wettability tests, the formation and characters of bonds in different
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Introduction

Assembling hard particles, such as ceramics, metals or metal
oxides, into soft materials often results in large thermal resis-
tance at the hard/soft material interface, which favors the
degradation of thermal properties. Examples of particulate-filled
composites whose thermal properties are impaired by interfacial
resistance are numerous and range from polymer-based thermal
interfaces and encapsulant materials in electronic packaging,'®
to nanofluids in thermal storage and sensor applications,”"°
to nanoparticle-assisted therapeutics in medicine.'*** In some
applications, this issue can be circumvented by organizing the
particles into heterogeneous microstructures in which the parti-
cles aggregate or connect with each other to allow for rapid heat
flow over the highly thermally conductive media."*'* However,
for nanofluids, the use of large aggregates in fluids leads to a
dramatic increase in viscosity, resulting in the impairment of
fluidic properties."*
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illustrated here with a theoretical prediction.

Directly tuning the interfacial thermal transport properties
is a promising strategy. Phonon spectra match of the materials
constituting the interface is generally recognized as a critical
factor that influences interfacial thermal transport."”® Due to
their distinct compositions and bond natures, a large mismatch
is usually observed in the phonon spectra of hard and soft
materials, resulting in a low interfacial thermal conductance,
Gint- A former study'® demonstrated that bridging the acoustic
mismatch between Au and an alkane-based polymer, polyethylene,
with an alkanethiol self-assembled monolayer (SAM) can greatly
enhance Gij,. Polyethylene and the alkanethiol SAM have very
similar chemical compositions, which enables a favorable acoustic
match. However, for other commonly used soft materials with
complex structures, like epoxy resin, it is quite difficult to obtain
similarly structured SAMs to match their phonon spectra.

Theoretical studies'” ™ also suggest that Gj,, can be tailored
by an order of magnitude by controlling the interfacial bond
energy. Such an idea has been put into practice in inorganic
solid/solid*>*' and solid/water interfaces®*>* by chemically
introducing a strongly bonding SAM. However, this unique
control of interfacial bonds and thermal transport properties
has less often been achieved in practice at hard/soft interfaces.
In addition, although the nexus between Gj,; and interfacial
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bonds has been clarified through solid/water interfaces,”>* the
formation and characters of the bonds are yet to be explored or
understood.

Here, we experimentally demonstrate that the Gy, of a hard/soft
material interface can be significantly enhanced by introducing a
strongly bonding SAM. Copper (Cu) and epoxy resin are chosen as
representative hard and soft materials, respectively. The measure-
ment results show that Gj,, can be enhanced by as much as 11 fold
by the proposed strategy. To study the correlation between inter-
facial bond energy and G, we create another interface system
where the SAM is chosen to be of the alkanethiol type adopted in
ref. 16. Through a series of characterization techniques, we explore
the formation and characters of the bonds in the two interface
systems. Finally, a theoretical prediction is made to show the great
importance of our proposed strategy in manipulating the thermal
transport properties of nanocomposites.

Results and discussion
Synthesis of interface systems

As illustrated in Fig. 1a and b, Cu/epoxy interfaces were created
by dispersing spherical Cu microspheres into an epoxy resin
solution and consolidating the suspending fluids (see Experi-
mental section). To achieve interfaces with SAM connection, the
Cu microspheres were firstly modified with SAMs (see Fig. 1a)
using a chemical solution deposition method (see Experimental
section). We build two Cu/SAM/epoxy systems by varying the SAM’s
end-group functionalities (schematically shown in Fig. 1c). The
first system employs 11-amino-1-undecanethiol hydrochloride
(SAM-NH,), and the other employs an alkanethiol type SAM
(dodecanethiol, SAM-CH3), which is adopted in ref. 16. Both SAMs
possess the thiol functionality (-SH) at the ®-end permitting strong
bonding of the molecules to the Cu surface. Different a-end-group
chemistries (-CH3, -NH,) ensure large variations in bond strength
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Fig. 1 Depiction of (a) a Cu surface modified with a SAM and (b) Cu/SAM/
epoxy systems; (c) list of SAM chemistries studied and abbreviations used
in the text.
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at the SAM/epoxy interface. The -NH, group is expected to provide
strong covalent bonds, and weak van der Waals bonds will be
provided by the —-CHj; group.

Measurement of interfacial thermal conductance

The Cu/SAM/epoxy systems are assumed to be homogenously
embedded in the epoxy-based composites. In this study, the
Gint Of the systems was evaluated by fitting the measured
thermal conductivity data of the composites to the results
predicted by an analytical model. A great number of models>**>®
have shown that the thermal conductivity of two-component
homogeneous composites is determined by the intrinsic properties
of the fillers and the matrix, the geometry and loading of the fillers,
and Gy,.. For spherical particles, one of the most prominent models
is the modified Bruggeman asymmetric model (MBAM) which is
expressed as:*®

3 ko (1+2B)/(1-PB) ket — k(1 — ) 3/(1—-B)
1-n=(i2) (e==p) g

where ke is the effective thermal conductivity of the composite;
km and k, are the matrix and filler thermal conductivities,
respectively; f is the volume fraction of the filler; § is called the
Kapitza radius defined as:

km

p= God]2 2)

where d is the filler diameter. When the dispersed phase is much
more conducting than the matrix (kp/k,, >1), eqn (1) can be
simplified and written as:

ki

kar = T pyi-praea 3)

The Cu/epoxy composite is very suitable as a simplified case
considering that epoxy has very low conductivity and Cu has very
high conductivity (the values are given in Table S1 in the ESI¥).

Therefore, according to eqn (2) and (3), Gin can be extracted
once ke is measured and other variables are obtained (see
Experimental section). Fig. 2a gives the fitting results for the
Cu/epoxy, Cu/SAM-NH,/epoxy and Cu/SAM-CH;/epoxy systems
and Fig. 2b provides the evaluated values. The Gj,: of the
Cu/epoxy interface is extracted to be 12.5 MW m > K '. It is
of the same order as the Gj,. of other hard/soft interfaces
dominated by weak van der Waals interaction, such as carbon
nanotube/organic solvent (~12 MW m 2> K ),° hexagonal
boron nitride/epoxy (13.2 MW m > K '),*° gold/hexadecane
(28 MW m > K ')*° and gold/paraffin wax (25 MW m > K ')*°
interfaces. Functionalizing the Cu/epoxy interface with
SAM-NH, obviously enhances the Gj,.. The Gj, is improved
from 12.5 MW m > K ' to 142.9 MW m™ > K™, exhibiting a more
than 11-fold increase. It is interested to note that in comparison
with Cu/epoxy, the interface modified with SAM-CH; shows an
approximately 2-fold lower Gin, 7.1 MW m™ > K.

Characterization of interfacial bonds

It is generally believed that the enhancement of Gij,¢ results
from the formation of covalent bonds at both the Cu/SAM-NH,
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and SAM-NH,/epoxy interfaces. We conduct independent experi-
mental measurements to characterize the bonds and elucidate
their formation. In addition, for the Cu/SAM-CHj;/epoxy system,
although covalent bonds are believed to occur between thiols and
Cu, the SAM-CHj;/epoxy interfacial interaction should be still of the
van der Waals type according to the low Gj,. Therefore, we also
experimentally verify the bond type at such an interface.

The presence of chemically bonded thiols on Cu is verified
by FESM and XPS (see Experimental section). Fig. 3a and d,
Fig. 3b and e and Fig. 3c and f provide the surface topography of
Cu microspheres before and after modification with SAM-NH, and
SAM-CH;. The images with higher magnification show that the
SAMs modify the Cu with nanomesh structures (Fig. 3e) or
nanoparticles (Fig. 3f). These nanostructures bundle together
covering the whole microspheres.

Fig. 3g gives the XPS spectra of pure microspheres and
microspheres treated with SAMs. In comparison with the control
spectrum, significantly higher S and N content is measured in
the SAM-NH, treated sample and a higher S content is measured
in the SAM-CHj; treated sample. Due to spin-orbit splitting, the
S 2p peaks are separated into S 2ps/, and S 2p,,, components.
As discussed in the literature,** for free alkanethiol SAMs, the
S 2p;/, component should appear at 163.5-163.8 eV, whereas, for
alkanethiols chemisorbed on Cu, the S 2p;z, peak will move
downward to ~162 eV. Fig. 3h and i provide the measured high
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(the fitting method is introduced in the Experimental section).
The S 2p3,, components are observed at 162.52 eV and 162.43 €V,
which compare very well with the typical S 2p;/, binding energy
of alkanethiols chemisorbed on Cu. This XPS analysis suggests
that chemically bonded thiols are present on Cu.

Next, the mechanism of S-Cu formation is analyzed. Since
Cu modification experiments were conducted in an ambient
environment, Cu was oxidized before reacting with the SAMs.
As discussed in the literature,®* the oxidized surfaces of Cu are
still active for the chemisorption of alkanethiols. In addition,
Keller and Ron’s studies®*** proved that the oxide formed on
the Cu surface can be reduced to metallic Cu by -SH, and its
reactions can result in the formation of chemisorbed copper
thiolate layers. The most likely oxide on the Cu surface is

Cu,0,%***3> 50 the reaction can be described by the equation:**®

2RSH + Cu,O — 2RSCu(surface) + H,O (4)

where R represents NH,(CH,);; and (CH,);, for SAM-NH, and
SAM-CH3;, respectively.

Compared to Cu-S bonds, it is more difficult to characterize
the bonds at SAM/epoxy interfaces, since they are embedded
in the composites. We adopted tensile strength tests’’>° to
conduct a qualitative analysis of the interfacial bonds. As sche-
matically shown in Fig. 4a, tensile strength tests are applied on
the composite samples (see Experimental section). The measured
results for Cu/epoxy, Cu/SAM-NH,/epoxy and Cu/SAM-CH;/epoxy
composites are 29.79 MPa, 48.17 MPa and 31.53 MPa, respectively
(Fig. 4b). Compared to the Cu/epoxy composite, Cu/SAM-NH,/epoxy
exhibits 61.7% larger tensile strength. The enhanced tensile
property is attributed to the interaction between SAM-NH, and
the epoxy compound during composite polymerization. While
interacting with epoxy, the alkane chains extend and expose
the -NH, groups to the epoxy molecules. Fig. 4c illustrates the
nucleophilic reaction between SAM-NH, treated Cu and a
novolac epoxy, which was proposed and proved by experiments
in ref. 36. The reaction shows that the -NH, group in SAM-NH,
opens the oxirane ring in novolac epoxy, forming a secondary
amine with covalent bonds. In contrast, there is no obvious
enhancement in tensile strength for the composite modified
with SAM-CHj;, although Cu is covalently bonded with the
S molecule. The poor tensile property is a consequence of the
non-polar nature of the SAM-CH; molecule.*® The non-polar
tail (-CHj3) hinders the formation of hydrogen bonds with the
ingredients inside the epoxy, resulting in a weak van der Waals
interaction between them.

For some solid/liquid interfaces,”>*® the wettability of the
liquid on the solid material is used to characterize the interfacial
bonding energy. A thermodynamic parameter, Ws;, expresses the
relationship between the bonding energy and surface wettability
(or contact angle):**?*

Wt = yaw(1+ cos 0) (5)

where yaw is the air/liquid surface tension and 0 is the contact
angle. According to eqn (5), low 0 means strong interfacial
bonding. Thus, we characterized the interfacial bonding energy
by measuring the 0 of fluidic epoxy resin on surfaces before and
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after modification with SAM-NH, and SAM-CH; (see Experimental
section). As shown in Fig. 4d, the surface consisting of pure Cu
microspheres has a 6 of 19.9°, whereas the SAM-NH, treated
surface exhibits a much lower 0 (~11°). The 0 of the SAM-NH,
treated surface was also measured in ref. 40 and exhibited a much
smaller value (6.6°). Conversely, the wettability of SAM-CHj;
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composites versus volume fraction at different Cu diameters.

treated surfaces is poorer than that of the other two surfaces.
The 0 was measured to be 32.4°. Fig. 4d also presents the 0 of
another polymeric material, hexadecane,'®*> on SAM-CHj treated
surfaces. The large values demonstrate that the wettability is poor,
too. The wettability tests consolidate the conclusions that inter-
facial bonding is stronger at the SAM-NH,/epoxy interface and
weaker at the SAM-CH;/epoxy interface.

The simulation results obtained in ref. 36 support our
experimental observations. Using molecular dynamics (MD)
simulations, the interfacial bonding energy is calculated for
Cu/epoxy, and Cu/epoxy modified with cystamine dihydrochloride
and hexadecanethiol. The calculated results are 0.535 J m™2,
0.838 ] m 2 and 0.055 ] m™ 2, respectively. The structures and
chemistry of cystamine dihydrochloride and hexadecanethiol
are similar to those of SAM-NH, and SAM-CH3;, respectively.
All of them have the thiol functionality (-SH), a long alkane
chain in the middle, and -CH; or -NH, at the a-end. The
simulation results prove the existence of covalent bonds between
Cu and epoxy when Cu is modified with an amine SAM, instead of
an alkanethiol SAM.

Importance of covalent bonds

For solid/water interfaces,?>?* researchers have found that Gjp,,

increases directly with interfacial bonding energy. The same
tendency is found for the Cu/epoxy interface. However, the Gj, at
some weak bonded interfaces (Au/alkanethiol SAM/polyethylene)
is not decreased but enhanced significantly.’® The reason has
been explained in the Introduction. The acoustic match between
the two components makes thermal transport efficient. As for the
SAM-CHj;/epoxy interface, their phonon spectra cannot match,
since there is an obvious distinction between the structures of
the two components. Therefore, when the structure of the soft
material is complex, the enhancement of Gj,. should be induced
by covalent bonds rather than by the acoustic match.

Manipulation of the thermal properties of nanocomposites

We demonstrate the great potential of our proposed strategy in
manipulating the thermal properties of nanocomposites. Two
types of Cu/epoxy composites are investigated. One is assumed
to be modified with SAM-NH, (Gin = 142.9 MW m 2 K™ ') and
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another is assumed to be without any surface modification
(Gine = 12.5 MW m™ > K™ ). Fig. 5 gives the predicted thermal
conductivities of the composites at different Cu microsphere
diameters. The results show that for the 30 vol% composite
without modification, the thermal conductivity decreases
from 0.74 W m~ ' K ' to 0.39 W m~" K" by 47.3%, and to
0.20 W m™~ "K' by 73.0%, when the diameter of 1 um decreases
by 10 and 100 times, respectively. In particular, the thermal
conductivity of the 10 nm Cu filled composite will not increase
with volume fraction due to the low Gj,.. While, after the
surface modification with SAM-NH,, the extent to which the
thermal conductivity decreases with diameter is weakened.
The percentage of reduction decreases down to 10.7% and
51.2%, respectively. Thus, with the dimension decreasing to
the nanosize, filling the soft matrix with high loading particles
will not contribute to the thermal conductivity any more.
While, functionalizing the interfaces inside the composites
with strongly bonding SAMs will relieve the adverse impact of
interfacial thermal resistance on thermal conductivity.

Conclusions

In summary, we have demonstrated an effective strategy to tune
thermal transport across hard/soft material interfaces. The
proposed strategy relies on using a strongly bonding SAM to
covalently connect hard and soft materials. The thermal mea-
surements show that for the Cu/epoxy interface, Gj, can be
enhanced by as much as 11 fold. Moreover, this study experi-
mentally illustrates that when the structure of the soft material
is complex, interfacial thermal transport should be tuned
by covalent bonds rather than by phonon spectra match. We
emphasize the great potential of our proposed strategy in material
design for heat transfer-critical applications like electronic
packaging, thermal storage, sensors and medicine.

Experimental section
Materials

Cu microspheres, with an average diameter of 1 pm, were
purchased from Alfa Aesar. Epoxy resin, supplied by Huntsman,
is composed of a low viscosity bisphenol-A based liquid resin
(Araldite LY1564) and an amine based hardener (Aradur 3487).
The mixing ratio is 100 : 34 by weight when used. The properties
of copper and epoxy resin, such as density, heat capacity,
thermal diffusivity and thermal conductivity, are summarized
in Table S1 in the ESL.t SAMs, dodecanethiol (SAM-CHj;) and
11-amino-1-undecanethiol hydrochloride (SAM-NH,), were pur-
chased from Aldrich. They were used without further purification.

Cu modification with SAMs

SAMs were assembled on Cu surfaces by a chemical solution
deposition method (see details in supplementary note 1 in
the ESIt). The general procedures involve immersing the Cu
microspheres in an ethanolic solution of 1 mM SAM and stirring

This journal is © the Owner Societies 2017



Paper

them for a sufficient amount of time. Prior to use, all SAM treated
samples were rinsed thoroughly with ethanol and air dried.

Cu/SAM/epoxy system formation

Cu/SAM/epoxy systems were formed by fabricating the epoxy-based
composites with randomly dispersed modified microspheres. The
modified microspheres were first suspended in the fluidic epoxy.
The resulting suspension was mechanically stirred for 20 min to
be fully dispersed. Subsequently, the suspension was sent into a
vacuum chamber to remove the bubbles introduced during the
mixing step. After that, the polymer suspension was cast into
Teflon molds. They were heated at 100 °C for 1 h and 150 °C for
2 h to obtain the fully cured composite samples. Using the
described method, the Cu/SAM-CH;/epoxy and Cu/SAM-NH,/
epoxy composites were prepared with Cu volume fractions of
20, 25 and 30 vol%, respectively. For comparison, Cu/epoxy
composites were also prepared with the same volume fractions.

Evaluation of interfacial thermal conductance Gj,

Gine Was evaluated by fitting the measured thermal conductivity
data of the composites to the results predicted by the MBAM.>®

Thermal conductivity was measured according to the formula:
k = aCpp, where Cp, p and « are the effective heat capacity, density
and thermal diffusivity of the composites, respectively. The
evaluation of effective C, and p is introduced in supplementary
note 2 in the ESL{ The effective « was measured by a laser flash
apparatus (LFA467, Netzsch) at 25 °C. The data of effective C,, p,
o and k are summarized in Table S2 (ESIT).

For the MBAM (eqn (2) and (3)), km, feop and d are input as
known parameters. Now, Gj,, is the only unknown parameter
in the prediction of k.. Fig. S1 (ESIT) provides the predicting
results of k. at different values of Gij,. Then, Gj,; can be
extracted by fitting the measured thermal conductivity to one
of the predicting curves (see details in supplementary note 3 in
the ESIt).

Characterization

The surface topography of SAM treated Cu microspheres
was evaluated by field-emission scanning electron microscopy
(FESM, FEI Sirion-200). To investigate the surface composition,
X-ray photoelectron spectroscopy (XPS, Axis-Ultra DLD-600W)
was utilized. The XPS spectra are calibrated with respect to the
C 1s peak (284.5 eV). When analyzing the S 2p spectrum, the
S 2p peak is separated into S 2p;,, and S 2py,,, due to spin-orbit
splitting. The S 2p;/, and S 2p;, splitting peaks are obtained by
the curve fitting method using XPSPEAK software. Some para-
meters in this method are set as follows: an approximate 2:1
relative area separated by 1.18 eV with an equal L-G% and
FWHM level.

The tensile properties of the composites were measured at
room temperature by means of a universal materials testing
machine (Zwick, Z010). All composite samples were prepared
using the same procedure as described. A schematic of the
tensile test is shown in Fig. S2 (ESIt).

The static contact angles of epoxy resin on SAM treated
surfaces were measured. The surfaces were prepared by laying
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the microspheres on a glass substrate with a thickness of
~2 mm. 5 pL of epoxy resin droplets was gently deposited on
the surfaces using a microsyringe. A picture of the droplet was
taken by using a digital camcorder until the droplet became
stable. The obtained pictures were analyzed for the contact
angle using Image] software (NIH). For each sample, three
images (six angles) were taken to obtain the average value.
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